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Abstract 
The feasibility study of a contactless power transfer (CPT) system using high temperature superconducting (HTS) DC 
windings has been carried out. The analyses on two HTS CPT application schemes with iron-core and air-core 
loosely-coupled transformer structures indicate that the introduction of HTS DC windings makes the large-current 
coupling CPT available for improving the transfer power and efficiency, promising for large-power AC and DC 
contactless loads, and its transfer efficiency almost coincides with efficiency of the cooperated motor. The design 
considerations and procedures of the HTS CPT system have also been discussed. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
The contactless power transfer (CPT) technology has wide perspective and practicability under various 
particular contactless occasions, e.g., DC induction charging for electric vehicles, AC induction power 
supply for electric locomotives, induction heating for metal billets, etc.. Owning to the low 
electromagnetic coupling coefficient of the loosely-coupled transformer in a CPT device, the high-
frequency power supply has to normally be applied to the primary windings for improving the transfer 
power and efficiency as well as reducing the volume and weight of the whole CPT device because the low 
allowable operation current density and large resistivity of the conventional copper conductors limit the 
improvement of the primary current and transfer efficiency. 
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Recently, high temperature superconducting (HTS) coils with very high critical current density and 
zero-resistance characteristics have been introduced to improve the heating efficiency in induction heating 
systems [1,2]. The results obtained verify that the improved induction heating system using HTS DC 
heating coils has the heating efficiency of ~90%. However few research concerning the HTS CPT 
applications for AC and DC contactless loads has reported so far [3,4].  
A novel CPT scheme is proposed using HTS DC windings with the feasibility study carried out. The 
HTS CPT scheme for AC and DC contactless loads is presented. The characteristics of the HTS CPT 
systems with the iron-core and air-core loosely-coupled transformer structures are discussed, and the 
design considerations and procedures of the HTS CPT scheme are also discussed.  
2. Analysis on HTS CPT scheme with iron-core loosely-coupled transformer structure 
2.1. The fundamental principle 
Since the HTS windings operated with alternating current suffer from serious AC loss, the HTS DC 
windings without energy loss are preferably applied to develop the HTS CPT scheme. As shown in Fig. 
1(a), the fundamental principle of the HTS CPT scheme using HTS DC windings is as follows: the HTS 
DC windings generates static axial magnetic field inside the primary core; a rotating motor is applied to 
force the HTS DC windings and primary core to rotate around the center; the rotation results in 
alternating magnetic flux through the secondary core and secondary windings; thus the induced voltage is 
generated across secondary windings for transferring large power to the contactless loads. 
      
(a)                                                                          (b) 
Fig. 1. The fundamental principle of the HTS CPT system: (a) iron-core scheme; (b) air-core scheme 
2.2. Circuit analysis 
The induced voltage across the secondary windings E2(t) can be expressed by 
tĭNtE ωωsin)( m22 =    (1) 
where N2 is the number of turns of the secondary windings; Ȧ, the rotating angular frequency of the motor; 
Ɏm, the amplitude of the magnetic flux through the secondary windings, which can be calculated by 
m
11
mm R
INSBĭ ==    (2) 
where Bm is the magnetic flux density through the secondary core and secondary windings; S, the cross 
sectional area of the secondary core; N1, the number of turns of the HTS DC windings; I1, the current 
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through the HTS DC windings; Rm, the total reluctance of the magnetic path through the primary core, 
secondary core and air gap. 
To enhance the power transfer capability, the series or parallel compensation should be applied to the 
secondary side. When Ȧ equals to the resonant angular frequency, the resonant current through the 
secondary contactless loads iR(t) can be expressed by 
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where Rs is the self-resistance of the secondary windings; Ls, the self-inductance of the secondary 
windings; Cs, the compensation capacitance; Ȧs, the series resonant angular frequency; Ȧp, the parallel 
resonant angular frequency; R, the equivalent resistance of the contactless loads. 
2.3. Transfer power and efficiency 
The transfer power PR can be expressed by 
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According to (4), PR is in linear proportion to the square of Ɏm and Ȧ. Moreover, Ɏm is in 
approximately linear proportion to I1 when Bm locates inside the magnetic flux linearity region of the 
primary and secondary cores. Thus PR is in approximately linear proportion to the square of I1 and Ȧ, i.e., 
PR = D(I1Ȧ)2, D - a constant defined by a certain CPT device, as shown in Fig. 2. Due to the high critical 
current density, the HTS DC windings make the great increment of I1 available, even achieve smaller, 
lighter and more compact CPT structure. However, the existence of nonlinear flux saturation in the 
primary and secondary cores limits the increment of Bm. When Bm increases to the saturation region (I1 > 
Imax, Bm > Bmax), PR can not be improved significantly with the increment of I1. The solution is to increase 
Ȧ to further improve PR (see the red dotted line in Fig. 2). 
Ignoring the power loss of the rotating motor, the transfer efficiency Ș can be expressed by  
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where PRs is the winding lose of the secondary windings; Ism, the amplitude of the current through the 
secondary windings; Pcore, the core loss of the primary and secondary cores; G, the weight of the cores; 
P1/50, the core loss parameter; p, q, the loss parameters related to Ȧ and Bm, p < q typically. 
In the proposed CPT system, the HTS DC windings have approximately zero power loss; similarly, PRs
can also be reduced greatly when the HTS windings are introduced to the secondary side in low-
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frequency applications occasion; the increment ratio of Pcore should be Kq/p when I1 increases to KI1 for 
transferring the same power to the contactless loads, the decrement ratio of Pcore should be Kq/p when Ȧ
increases to KȦ, however the increment of Ȧ produces more power loss of the rotating motor. 
Fig. 2. The relation curves between PR and I1, Bm and I1
3. Analysis on the HTS CPT scheme with air-core loosely-coupled transformer structure 
Generally the conventional iron-core loosely-coupled transformer structure is adopted in a CPT device.
However the HTS DC air-core windings with very high critical current density can be directly applied to 
generate strong enough magnetic field, e.g., several Tesla, even over ten Tesla, thus make the air-core 
loosely-coupled transformer structure available for CPT applications.  
As shown in Fig. 1(b), two HTS DC solenoid windings are placed coaxially and the secondary 
windings are installed inside the axial middle position between the two HTS DC windings. Similarly, the 
two HTS DC windings are forced to rotate around the secondary windings to induce the alternating 
voltage across secondary windings. Since the reluctance in the air-core loosely-coupled transformer is 
very difficult to calculate directly, the equivalent magnetic flux through the secondary windings can be 
obtained by the superposition calculation of magnetic fields. Assume that the coil structure and current 
distribution are uniform, thus the HTS DC windings and secondary windings can be equivalent to three 
ideal current loops. Each HTS DC current loop is with the current N1I1, the radial and axial components 
of the magnetic flux density located at the edge of the secondary current loop can be expressed by 
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where ȝ0 is the permeability of air; a, the average radius of the HTS DC windings; ȡ, the average radius of 
the secondary windings; z, the vertical distance between the HTS DC current loop and secondary current 
loop; K, E, elliptic integral of the first and second kind. Thus the average magnetic flux through the 
secondary windings is Ɏm = Bz(ȡ, z× ʌȡ2, and the induced voltage can be calculated by (1). In addition, 
the induced voltage can also be calculated by finite element methods or mutual inductance theories. 
According to (4) and (6), PR is in linear proportion to the square of I1 and Ȧ. The optimization of I1 and 
Ȧ for practical CPT design should be carried out by considering the capital cost the HTS DC windings, 
the capital cost and operation power loss of the rotating motor, the magnetic field impact on the 
surrounding devices, and the required operation frequency of the secondary contactless loads.  
 Jian Xun JIN and Xiao Yuan CHEN /  Physics Procedia  36 ( 2012 )  1121 – 1126 1125
Because of the canceling of core loss, the transfer efficiency is determined by the secondary coil loss 
and the efficiency of the motor. If the secondary windings are formed by HTS conductor, the transfer 
efficiency achieves the maximum value, which almost coincides with efficiency of the motor. 
4. Design considerations of the HTS CPT scheme 
The components of a HTS CPT system mainly include iron cores, HTS DC windings, rotating motor, 
secondary windings and secondary power conversion circuit. The design requirements are as follows: i) 
the core structure should be optimized to reduce the total reluctance; ii) the coil structure and operation 
current should be optimized to generate strong enough static magnetic field with high uniformity; iii) the 
rotating speed of the motor should be match with the required operation frequency of the secondary 
contactless loads; iv) the secondary windings and power conversion circuit should be optimized to satisfy 
the power demand from the contactless loads. The basic design procedures are shown in Fig. 4.  
Fig. 4. The design procedures of a HTS CPT system (the procedures inside red gridlines are only for iron-core CPT system) 
Since few turns of HTS DC windings with iron core can generate strong enough static magnetic field, 
the capital cost of the HTS DC windings is economical in the HTS CPT scheme with iron-core 
transformer structure. However the static magnetic field inside the core has an upper limitation (< 2 T), 
thus the transfer power is relatively small for AC contactless loads while the rotating speed of the motor 
should match with the required operation frequency. The transfer power for DC contactless loads can be 
further improved by accelerating the rotating speed of the motor. In the HTS CPT scheme with air-core 
transformer structure, the transfer power for AC contactless loads can be greatly improved by increasing 
the operation current through the HTS DC windings. The transfer power for DC contactless loads can also 
be improved by accelerating the rotating speed of the motor.  
Therefore, the design and optimization of the HTS CPT scheme mainly rely on the reasonable 
selection of the operation current through the HTS DC windings and rotating speed of the motor. Several 
practical parameters should be considered in the optimization procedure, e.g., the power demand from the 
contactless loads, the critical current of the HTS DC windings, the capital cost of the HTS DC windings 
and their auxiliary devices, the power loss of the motor, etc. Because of the anisotropy, the leakage 
magnetic field influences the critical current of the HTS DC windings. Practically the critical current Ic
drops more severely with the increment of Bȡ than Bz. It is essential to reduce Bȡ so that Ic can reach a 
larger value. The points of intersection between the load line (Bȡ vs. I1) and critical line (Bȡ vs. Ic) under 
different temperature conditions (T1 < T2 < T3), as shown in Fig. 5, indicate that the allowable operation 
current are Ip1, Ip2, and Ip3, the corresponding transfer power should be PR1, PR2, and PR3. The relations 
between the transfer power and operation characteristics of the HTS DC windings can be applied to 
optimize the design of a practical HTS CPT device. 
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Fig. 5. The load line (Bx vs. I1) and critical line (Bx vs. Ic) under different temperature conditions  
5. Conclusions 
The feasibility study on a novel CPT system using HTS DC windings has been carried out, 
conclusions can be made as follows: 
i) The introduction of HTS DC windings to the primary side can improve the primary current 
significantly to achieve large-current coupling between the primary side and secondary side, thus transfer 
large contactless power with high transfer efficiency, and also minimize the required power rating of the 
primary power supply, achieve smaller, lighter and more compact CPT structure. 
ii) In the HTS CPT system using iron-core transformer structure, the transfer power is relatively low 
for AC contactless loads while the rotating speed of the motor should match with the required operation 
frequency. The transfer power for DC contactless loads can be further improved by accelerating the 
rotating speed of the motor. The iron-core scheme is economical in large-power application for DC 
contactless loads, and also available for low-power application for AC contactless loads. 
iii) In the HTS CPT system with air-core loosely-coupled transformer structure, the transfer power for 
AC contactless loads can be remarkably improved by increasing the operation current. The transfer power 
for DC contactless loads can be improved by increasing the operation current or accelerating the rotating 
speed of the motor. The air-core scheme needs large capital cost, however it is promising for practical 
large-power application for AC contactless and DC loads, its transfer efficiency almost equals to the 
result reported in [2], i.e., ~90%. 
iv) The design considerations and procedures of the HTS CPT system have been introduced. Owning 
to the high cost and anisotropy of HTS, the operation current through the HTS DC windings and rotating 
speed of the motor can be optimized to match with the transfer power and efficiency demands from the 
contactless loads. 
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